S unburn due to high temperatures or high intensities of light radiation can significantly diminish the quality of fruit. Sunburn has been reported in apple [Malus ·domestica (Bergh et al., 1980; Parchomchuk and Meheriuk, 1996; Piskolczi et al., 2004; Schrader et al., 2001 Schrader et al., , 2003 Simpson et al., 1988; Warner, 1997) ], tomato [Solanum lycopersicum (Rabinowitch et al., 1974) ], grape [Vitis sp. (Greer and Borde, 2006; Tarara and Spayd, 2005) ], avocado [Persea americana (Schroeder and Kay, 1961) ], and citrus (Futch and Jackson, 1993; Jifon and Syvertsen, 2003a; Myhob et al., 1996) . Schrader et al. (2001) described two types of sunburn that occurred in apple (e.g., sunburn necrosis and sunburn browning), and a third type (photooxidative stress) is mentioned in Felicetti (2003) . Sunburn necrosis occurs when the surface temperatures of the fruit reached (mean ± SE) 52 ± 1°C for 10 min, leading to the breakdown of cell membranes . Sunburn browning occurs when the surface temperature of fruit reaches 46 to 49°C under sunlight . The third type of sunburn, photooxidative sunburn, occurs when shaded apple is suddenly exposed to sunlight, causing photooxidative stress (Felicetti, 2003) . The visible symptoms of sunscald in citrus fruit are irregular yellow or brown blotches on the peel (Myhob et al., 1996) , although there is a report that granulation may also be caused by severe heat injury sunscald (Chikaizumi, 2000) . Under high ambient temperatures, citrus fruit are particularly prone to heat stress, because the tree canopy temperature can easily exceed ambient temperatures by up to 9°C (Syvertsen and Albrigo, 1980) . In addition, when citrus are grown in warm subtropical regions, the average air temperatures during the summer are above 31°C, and leaf temperatures can reach 39 to 41°C [8 to 10°C above air temperatures (Syvertsen and Lloyd, 1994) ].
This range of temperatures is far above the optimum for the net carbon dioxide (CO 2 ) assimilation rate [25 to 30°C (Spiegel-Roy and Goldschmidt, 1996) ], and might be associated with stomatal closure and reductions in the net CO 2 assimilation rate, growth, and yield (Goldschmidt, 1999) .
Thin-skinned citrus fruit like 'Murcott' tangor are most prone to sunscald when facing the sun. There is evidence that the surface temperature of melon (Cucumis melo) and tomato can be 40 and 50°C, respectively, when they face the sun (Schroeder, 1965) . Furthermore, the skin temperature of grape can exceed air temperatures by up to 12°C under direct sunlight (Kliewer and Lider, 1968; Smart and Sinclair, 1976) . In addition, it was found that sunburn occurs in apple only when the fruit surface temperature exceeds 45°C (Ritenour et al., 2001; Schrader et al., 2001) . As a result, when air temperature reaches 30°C in the field, the peel temperature of many fruit can rise to a level at which sunscald damage occurs. Moreover, when fruit and vegetables are cultivated in subtropical and tropical climates, the surface temperature can reach more than 40°C under direct sunlight (Syvertsen and Albrigo, 1980; Syvertsen and Lloyd, 1994; Woolf and Ferguson, 2000) .
There are several techniques that can be used to reduce the occurrence of sunscald, such as bagging (Hofman et al., 1997) , whiteners (Glenn et al., 2002; Melgarejo et al., 2004; Sibbett et al., 1991; Wand et al., 2006) , ascorbic acid spraying (Andrews et al., 1999; Johnson et al., 1999) , and the use of shade nets (Dussi et al., 2005; Gindaba and Wand, 2005; Raveh et al., 2003 Morse and Robertson (1987) and planted with a northwest to southeast orientation at a spacing of 3.5 · 1.5 m. This area has a wholeyear freeze-free growing period, and an average annual precipitation of% 2.76 m. Trees were grown following standard horticultural practices, as well as disease and pest control measures.
EXPERIMENTAL DESIGN. A completely randomized design with three replications was used in this trial, with one 'Murcott' tree used in each treatment. Treatment 1 was a control, without any shading treatment (Fig. 1A) .
Treatment 2 used a white paper bag (27.8 · 15.8 cm) to cover each fruit (Fig. 1B) . In Treatment 3, ground calcium carbonate [CaCO 3 (99%; Fisher Scientific, Pittsburgh, PA)] solution was sprayed at a concentration of 3% and was first applied on 22 July 2008. A surfactant (20% Tween 20; Sigma-Aldrich, St. Louis, MO) was used at a rate of 0.2 mLÁL -1 water. The whole tree canopy was sprayed with (mean ± SE) 8 ± 0.5 L CaCO 3 solution uniformly using a backpack spray apparatus (Fig. 1C) . The CaCO 3 solution was resprayed if needed when, for example, it had been washed off by rain. Thus, CaCO 3 was applied three times from 22 July to 28 Sept. 2008. The amount of CaCO 3 particles Fig. 1 . Sunscald protection of 'Murcott' tangor fruit subjected to: (A) control, (B) white bagging, (C) calcium carbonate spraying, (D) white nylon net with a 20% shading rate, (E) green nylon net with a 30% shading rate, and (F) black nylon net with a 50% shading rate.
deposited on leaf and fruit surface was estimated according to Jifon and Syvertsen (2003b) . Foliar sprays using 3% of CaCO 3 aqueous suspension had the average (±SE) 15 ± 0.55 gÁm -2 deposition on leaf and fruit surface. In Treatments 4, 5, and 6, effects of shade nets were examined, by using white nylon nets with a 20% shading rate, green nylon nets with a 30% shading rate, and black nylon nets with a 50% shading rate, all positioned roughly 50 cm above the citrus trees ( Fig. 1D-F) .
The air temperature was collected under different shade nets (with 20%, 30%, and 50% shading rates) using a sheltered probe (SK-L200TH; Sato Keiryoki, Tokyo, Japan) attached to a data logger (SK-L200THa; Sato Keiryoki) programmed to read the air temperature every 30 min. The air temperature data were recorded at roughly 30 cm above the citrus trees within each shade net treatment from 26 Sept. to 31 Oct. 2008. Leaf temperatures were monitored using an infrared (IR) temperature sensor (MI 200; Apogee Instruments, Logan, UT). Leaf temperatures were recorded hourly (from 0800 to 1800 HR) on two mature leaves from different external shoots from each treatment (i.e., 8 to 10 leaves per tree per treatment). The IR digital thermometer was held at a distance %20 cm from the top of the leaf to prevent it from shading the target area. All leaf temperature data were averaged for a single measurement under different shade treatments from 26 Sept. to 31 Oct. 2008. The photosynthetic photon flux (PPF) was monitored during the experiment on selected clear days from 0800 to 1800 HR. PPF was recorded using an quantum sensors (LI-189; LI-COR, Lincoln, NE) attached to a portable photosynthesis system (LI-6200, LI-COR) placed adjacent to two mature leaves from different external shoots under each treatment (i.e., 8 to 10 leaves per tree per treatment).
Sunscald was determined when yellow or brown blotches appeared on the citrus peel (Fig. 2) . We investigated all fruit on every experimental tree every week for sunscald symptoms from 1 Aug. to 31 Oct. 2008, and expressed as a percentage of sunscald as follows: (number of fruit with sunscald)/(total fruit) · 100%. Fifty 'Murcott' tangor fruit per tree per treatment were randomly harvested by hand and sent to the laboratory later the same day. The fresh weight and volume of the fruit were measured at the laboratory, in a room kept at 25°C. Later, the 30 most uniformsized fruit (e.g., %21 cm circumference) picked from each treatment were divided into three groups for physiological analysis (i.e., 10 fruit per group). One group was used to measure juice percentage, TSS, TA, and TSS/TA ratio, a second group was used for peel color analysis, and a third group was used to determine the respiration rate.
PEEL COLOR ANALYSIS. Fruit samples were measured for L, a, and b color values. Color was measured on both faces of all 10 fruit, which presented as fruit that appeared to have been sun exposed and shaded using a tristimulus colorimeter (CR 200; Minolta, Osaka, Japan), with a 5-mm aperture. In this system, L represents color brightness, which is low for dark colors and high for bright ones; a is negative for green and positive for red; and b is negative for blue and positive for yellow. Hue angle expressed as a q value, which is calculated as follows, q value = 1/tangent (b/a). The readings were then averaged to represent peel color.
J U I C E P E R C E N T A G E , T O T A L SOLUBLE SOLID, AND TITRATABLE
ACID. Fruit pulps from the second group were recorded (grams/fruit) and then homogenized in a blender and filtrated to collect juice weight (grams/fruit). The juice percentage was calculated as follows: (juice weight)/ total weight (juice + pulp) · 100%. A few drops of the fresh juice were placed on a refractometer (Mater-M, Tokyo, Japan) to measure TSS expressed as a percentage. Titratable acid was determined with 5 mL juice diluted 10-fold, reacted with 0.1 N sodium hydroxide (NaOH) to pH 8.2, and the required milliliter of NaOH was recorded. Percent acid is calculated as follows: percent acid = (N) · (V 1) · (Eq wt)/V 2 where N equals the normality of NaOH (0.1), V 1 is the volume of NaOH used to reach the titration point, Eq wt is the equivalent weight of citric acid [the predominant acid (64 mg per milliequivalent)], and V 2 is the original volume of the sample (5 mL). The TSS/TA ratio is represented as percent sugar per percent acid.
P O S T H A R V E S T R E S P I R A T I O N RATE.
The respiration rate is indicated as the CO 2 production rate. Each fruit from the third group was weighed and then placed in a 2-L sealed respiration jar at 25°C, and a 1-mL gas sample was taken over a period of 2 h on each of the next 7 d, and injected into a gas chromatograph (GC-8A; Shimadzu, Kyoto, Japan) to measure the CO 2 concentration. Multiplying the change in concentration by the container volume and dividing this by weight of the fruit and duration of time gives the CO 2 production rate. The readings were then averaged to represent the respiration rate.
LEAF NET PHOTOSYNTHESIS. Net photosynthesis by citrus foliage was determined with a portable photosynthesis system (LI-6200, LI-COR) equipped with a well-stirred 0.25-L leaf chamber. Two fully expanded, similar leaves at the third positions of the external shoots per tree per treatment were sampled for photosynthesis ). AIR AND LEAF TEMPERATURES. Each of the different shade nets decreased air temperatures (3 to 4°C lower than control). Shade nets with different shading rates (20%, 30%, and 50%) resulted in lower average temperatures (34.8, 34.5, and 34.2°C, respectively) in comparison with the control (38.4°C). The data showed that the highest temperature under the shading net treatments was over 38°C during the observation period, but this was only for 1 d. However, a temperature of over 40°C for 10 d was recorded with the controls (Fig. 4) .
In addition, leaf surface temperatures were also recorded, and the results showed that shading treatments reduced leaf surface temperatures compared with controls during the first 3 weeks (Table 1 ). In the final 3 weeks of the experiment, shading nets did not affect leaf temperature. Shading treatments significantly lowered leaf surface temperatures in comparison with the control, although there were no significant differences among the shading treatments. Even though leaf temperatures were slightly lower for the treatments than the control, no significant difference (P > 0.05) was observed after 15 Oct. during the experiment in 2008.
SHADING EFFECTS ON SUNSCALD OCCURRENCE. All treatments were successful in lowering the percentage of sunscald that occurred in 'Murcott' tangor fruit. When the fruit were covered with white paper bags then this reduced sunscald symptoms to 0%, and the same results were found under nets with different shading rates. However, a low rate of sunscald, 4.4%, was found for the fruit sprayed with CaCO 3 . In contrast, for the control fruit, grown without shading, there was a significant incidence of sunscald (13.6%), as shown in Table 2 .
ANALYSIS OF FRUIT QUALITY. A significant difference in the fresh weight was found for the fruit samples grown under the black nylon net compared with the other treatments, among which there were no significant differences. Specifically, the highest fresh weight of 'Murcott' tangor fruit was measured (average 162.3 g/fruit) when shading with black nylon net, while the other conditions led to an average fresh weight ranged from 143.9 to 149.9 g/fruit (Table 3) . In addition, similar results were seen in fruit volume. A significant difference in fruit volume was found (average 162.6 cm 3 /fruit) when the 'Murcott' tangor tree were grown under the black nylon net, whereas those with the other treatments had average fruit volumes that ranged from 144.7 to 152.5 cm 3 /fruit, without any significant differences (Table 3 ).
In addition, there were no significant differences among the treatments with regard to the four quality traits in 'Murcott' tangor fruit: peel color, TSS, TA, and TSS/TA. The average L values ranged from 61 to 63 among all treatments. The 'Murcott' tangor fruit were harvested when ripe and when the peel was orange. Hue angle ranged from 65 to 69, with no statistically significant differences among the treatments. The TSS ranged from 12.0% to 13.5% was not significantly different by shading applications. Similar results were seen in TA and TSS/ TA. The average of TA and TSS/TA ranged from 0.81% to 0.93% and 14 to 16, respectively, without any significant difference. This indicates that all the sunscald protection methods had similar averages for these four quality traits, with no effects on citrus quality and appearance in comparison with the control.
The postharvest respiration rate was measured after the fruit were placed in a 25°C environment for 72 h, and there was no significant difference in respiration rate among the treatments. All treatments resulted in a slight increase in respiration rate, from 11 to 16 mLÁkg -1 Áh -1 CO 2 , but citrus fruit covered with white paper bags had a slight decrease from 13 to 11 mLÁkg -1 Áh -1 CO 2 from days 3 to 5 (data not shown). After that, the postharvest respiration rates changed little. Within treatment variability may have contributed to these changes, and there were no significant differences among the various antisunscald methods.
LEAF NET PHOTOSYNTHESIS. A significant difference in the net photosynthetic rate of leaf samples was found under different shading methods (Table 4 ). The CaCO 3 -sprayed treatment resulted in the lowest rates of net photosynthesis (8.8 mmolÁm -2 Ás -1 ) among shading practice while the other ones showed no significant differences. When in comparison of colored shade nettings, the lower net photosynthetic rate was measured under black shade net (Table 4) .
Discussion
This study found that sunscald occurred on 'Murcott' tangor fruit due to high temperature. The direct sunlight exposure with high solar radiation may possibly cause sunscald occurrence although we lack fruit surface temperature. There was 0% of sunburn when 'Murcott' tangor fruit were covered with shade nets with the average leaf temperature of %33.7°C accompanied by lower PPF [white nylon net: (mean ± SE) 1090 ± 32 mmolÁm -2 Ás -1 , green nylon net: • October 2013 23 (5) 981 ± 68 mmolÁm -2 Ás -1 , and black nylon net: 857 ± 73 mmolÁm -2 Ás -1 ]. The same result with regard to the occurrence of sunscald on 'Murcott' tangor fruit was seen when white paper bags covered on each fruit, even when the leaf temperature and PPF were the same as with the control fruit. It is thus possible that white color paper bags are less endothermic, which lowered the temperature inside the bag to create a microclimate for bagging (Hofman et al., 1997) , and white paper bags may have a similar effect in reducing PPF and blocking direct sunlight to that seen with white shade nets. Schrader et al. (2001) reported that the most serious sunscald happens to apples when the fruit skin temperature reaches 52°C. In addition, Schrader et al. (2003) found a correlation (r = 0.90) between the temperature of the orchard and apple fruit surface, and that when the ambient temperature of the former was over 30°C, the latter reached 46°C, at which point sunscald occurred in apple. Chikaizumi (2007) reported similar findings in a study of 'Wase Satsuma' mandarin orange (C. reticulata), and showed that when the average temperature of the orchard was at least 30°C, the peel temperature reached 46.8°C, resulting in sunscald symptoms. Sun-exposed fruit suffered radiation heat, which resulted in peel temperature reached to 40°C (Chikaizumi, 2007) . In this study, the average temperatures under different shading treatments were %34.5°C, and thus these effectively decreased air temperatures in comparison with the control (38.4°C). Although CaCO 3 spray led to a lower leaf temperature, 4.4% of sunscald still occurred with 'Murcott' tangor fruit treated in this way. This may be because the fruit suffered high temperature and/or radiation damage during the intervals between respraying with CaCO 3 , since the fruit-bearing branches of 'Murcott' tangor trees protrude from the canopy, and thus are exposed to direct sunlight. Second, even though the whole 'Murcott' tangor canopy was sprayed with CaCO 3 , some spots on the surface of the fruit may have remained uncovered by CaCO 3 , resulting in sunscald.
A previous study showed that changes in pigments concentration are associated with the degree of sunburn in apples (Felicetti and Schrader, 2008) . Furthermore, Chikaizumi (2007) pointed out that when sunburn symptoms appear on sun-facing mandarin the fruit surface temperature of brown blotches is %46.8°C, that of yellow blotches is 44.2°C, and the rest of the green peel is 42°C. Although we did not measure fruit surface temperature, or the chlorophyll and carotenoid content of the fruit, the peel of 'Murcott' tangor fruit does not become yellow-orange until late November. Before this, the fruit skin color is still green, and is thus able to absorb PPF used in photosynthesis, even if it has less photosynthetic capacity than the leaves (Cheng and Ma, 2004) . The excess PPF that exists in fruit peel with a lower stomatal density results in a high surface temperature of the peel than that seen with the leaves under sunlight (Glenn et al., 2002) . Cheng and Ma (2004) indicated that the xanthophyll cycle functions as a form of heat dissipation in apple fruit peel when absorbing excessive PPF. However, when high temperatures are coupled with high light intensity, this can result in the photoinhibition of the photosystem II (PSII) due to a decrease in the heat dissipation capacity via the xanthophyll cycle (Cheng and Ma, 2004; Cheng et al., 2008; Ort, 2001 ). In addition, high fruit peel temperature results in disruption of the electrons transportation from the oxygen-evolving complex to the PSII reaction centers, which make the PSII more sensitive to high light damage in apples (Cheng et al., 2008) . However, in our study, the shade net treatments not only lowered the temperature and reduced the PPF but blocked direct sunlight exposure, which resulted in 0% sunscald on 'Murcott' tangor fruit. Even though the peel color is still green, further studies are needed to clarify whether changes in carotenoids, particularly xanthophylls, and chlorophylls are related to sunburn in 'Murcott' tangor fruit.
Pe 'rez et al. (2006) mentioned that colored shade nets can affect environmental elements (e.g., humidity, shade, or temperature), thus affecting light quality and quantity. Different colored shade nets can increase light scattering, thereby influencing plant development and growth (Stamps, 2009 ). In our study, shade nets were used for radiation reduction, which is in agreement with Stamps (2009) , who pointed out that shade nets can reduce radiation regardless of colors. Glenn et al. (2002) and Gindaba and Wand (2005) reported that kaolin particle film was effective to decrease apple surface temperature and reflect ultraviolet. CaCO 3 spray is an alternative method, which is similar to kaolin particle film technology used in citrus orchard in Taiwan. Kaolin particle film and CaCO 3 spray are both effective methods to decrease fruit surface temperatures; however, the CaCO 3 solution was resprayed if needed when washed off by rain. When comparing paper bags, CaCO 3 , and shade nets with regard to sunscald protection of 'Murcott' tangor, sunscald was eliminated with the use of white paper bagging and shade nets, and significantly reduced with CaCO 3 spraying ( Table 2) . Jifon and Syvertsen (2001) reported that 'Hamlin' sweet orange (C. sinensis) had greener fruit (a smaller hue angle) than control fruit when grown under a shade net with a 50% shading rate. In this study, the 'Murcott' fruit examined were all mature before being measured, as the pericarp was gradually turning yelloworange. Although shade nets were the most effective technique in reducing ambient temperatures and the occurrence of sunscald, the 'Murcott' tangor fruit grown under the shade nets had very similar color to those grown using other shading methods, as well as the control fruit. The high temperatures of leaves and fruit usually cause water shortages and reduce growth, net photosynthesis, fruit yield and quality (Goldschmidt, 1999) . This study found that fruit weight and volume significantly increased under black shade net treatment, which reduced temperature and PPF. Shading effectively lowered leaf temperatures and PPF but had no significant effect on the quality of the 'Murcott' tangor fruit, as indicated by the TSS, TA, and TSS/TA in comparison with the control. Our findings also showed that the fruit sprayed with CaCO 3 resulted in low net photosynthetic rate of 8.8 mmolÁm and low TSS of 12.0%, and this is in agreement with Frommer and Sonnewald (1995) , who observed that CaCO 3 spraying affected leaf photosynthesis, leading to less accumulation of TSS.
Shading affected PPF and consequently leaf temperatures when compared with the control (Fig. 3) . Both high PPF and high temperature can damage PSII, affecting the electron transportation (Cheng et al., 2008) . The average air temperature in this study was over 38°C, and sun-exposed (control) leaf temperatures were 2 to 6°C higher than air temperatures and easily exceeded 40°C (Fig. 4) . Therefore, accumulated heat stress could have limited photosynthesis (Law and Crafts-Brandner, 1999) , in agreement with Koch (1984) , who reported a reduced leaf photosynthetic rate in citrus. Furthermore, Torres et al. (2006) reported that high temperatures alone can reduce photosynthetic efficiency by 53% which may possibly result from photooxidative stress.
Citrus are classified as nonclimacteric fruit with little ethylene production, no significant respiratory peak, and no ripening after harvest (Soule and Grierson, 1986) . In this study, we did not observe any significant differences in the respiration rates among treatments, and a steady state was reached with an average respiration rate from 11 to 16 mLÁkg -1 Áh -1 CO 2 in agreement with a former study (Eaks, 1970) . A previous study showed that whitewashes are effective antitranspirants to lower leaf temperature (Gale and Hagan, 1966) , while Abou-Khaled et al. (1970) reported that kaolin is able to reflect ultraviolet light, decrease transpiration, and lower leaf temperature, and Wand et al. (2002) suggested that at lower ambient temperatures trees had more stomatal conductance, leading to a greater leaf photosynthetic rate. Furthermore, Syvertsen (2001, 2003a) and Medina et al. (2002) reported that moderate shading enhanced net photosynthesis in citrus leaves by reducing the light inhibition and lowering excessively high temperatures. Although shading nets had comparable effects to those of CaCO 3 spraying with regard to the reducing temperature, Lambers et al. (1998) found that shading reduced the photosynthetic rate of leaves. However, our study had the opposite results, with white and green nylon nets (20% and 30% shading rates, respectively) leading to a significantly higher photosynthetic rate, and CaCO 3 spraying resulting in the lowest photosynthetic rate (Table 4) probably because excessive CaCO 3 particles inhibit gas exchange.
Conclusions
Although it was not the intent of this study to determine the temperature at which the varying degrees of sunscald occur, the results support the notion that increased sunburn severity is the result of increased exposure to light or heat stress. Growers can thus decrease the incidence of sunscald browning by using management practices that keep fruit from attaining a high peel temperature, or that block or reflect harmful ultraviolet radiation. We used different shading techniques and evaluated their effectiveness with regard to sunscald and fruit quality. CaCO 3 spraying, shade nets, and white paper bagging all significantly reduced the occurrence of sunscald, and had no significant differences with regard to fruit appearance, TSS/TA, and juice percentage. Although CaCO 3 spraying is easier and faster than the other methods (spraying as needed) the need to remove the CaCO 3 deposits at harvest may require another system to wash off the residue (Le Grange et al., 2004; Schupp et al., 2002) .
Although white paper bagging was able to reduce the occurrence of sunscald, it is a labor-intensive process, which thus may limit its practical use. Shade nets were effective in reducing both temperature and sunscald in 'Murcott' tangor fruit, in addition, leading to higher photosynthetic rates, as well as being relatively cheap and fast to apply. Shade nets could thus be a very useful technique to protect citrus fruit against sunscald without influencing fruit quality in commercial citrus farms.
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